active subunit and functions as a type I DNase (9, 24) . However, a recent study shows that CdtB also functions as a phosphatidylinositol 3-phosphate (PIP 3 ) phosphatase and that many of the catalytic residues required for DNase activity are also necessary for phosphatase activity (36) . CdtB is internalized by target cells, and internalization is inhibited by monensin, suggesting that entry occurs via the endocytic pathway (2) . CdtA and CdtC are thought to interact with the target cell surface and may facilitate internalization of CdtB (2, 25, 27, 37) . However, Mao and DiRienzo (27) suggest that both CdtB and CdtC are internalized by CHO cells and that CdtC may also possess toxic activity. CdtA is a putative lipoprotein that localizes to the bacterial outer membrane and is processed during secretion of the holotoxin (44) .
The in vivo cellular targets of the Cdt toxins are not well defined. Cdt holotoxin induces arrest in the G 2 phase of the cell cycle in a variety of proliferating cells, including epithelial cells, fibroblasts, human periodontal ligament cells, and lymphocytes (2, 3, 5, 8, 19, 20, 24, 25, 27, 28, 38, 41) . Interestingly, Shenker et al. reported that the specific activity of Cdt against stimulated primary T lymphocytes was five-to 10-fold greater than that against HeLa cells (39) and subsequently showed that the Jurkat T-cell line is hypersensitive to Cdt intoxication (36) . These results suggest that lymphocytes may be a primary physiologic target of the A. actinomycetemcomitans Cdt. Additional evidence that cells of the host immune response may be targeted by Cdt came from studies showing that purified Haemophilus ducreyi or Campylobacter jejuni Cdt induced apoptosis in nonproliferating dendritic cells (DCs) and macrophages (16, 26, 42, 46) , although the specific activities against these cell types were not determined. Together, these studies suggest that many different cell types are potential targets of Cdt and that active proliferation may not be strictly required for Cdt intoxication.
In this report, we show that A. actinomycetemcomitans Cdt induces apoptosis in both proliferating and nonproliferating U937 monocytic cells at a similar specific activity. Reconstituted Cdt holotoxin was shown to possess both DNase and PIP 3 phosphatase activities. Site-specific mutagenesis of CdtB active site residues generated one mutant with reduced DNase but significant phosphatase activity and a second mutant that was reduced in both activities. Cell cycle arrest and caspase 3-dependent induction of apoptosis in proliferating, nondifferentiated U937 cells were dependent on the DNase activity of CdtB. In contrast, Cdt-induced apoptosis in nonproliferating, differentiated U937 cells occurred by a mechanism independent of caspase-and apoptosis-inducing factor (AIF) and did not require a functional PIP 3 phosphatase activity. These results suggest that Cdt intoxication of proliferating and nonproliferating U937 cells occurs by distinct mechanisms and that macrophages may be potential in vivo targets of A. actinomycetemcomitans Cdt.
MATERIALS AND METHODS
Strains and culture conditions. Escherichia coli strains Top10 and BL21 (Invitrogen, Carlsbad, CA) were grown in Luria-Bertani (LB) broth. When necessary, the medium was supplemented with ampicillin at 100 g/ml. A. actinomycetemcomitans strains 652 and JP2 were cultured under microaerophilic conditions at 37°C in brain heart infusion (Difco) medium supplemented with 40 mg of NaHCO 3 per liter. Due to the similarities between Legionella pneumophila-induced and Mycobacterium tuberculosis-induced apoptosis in cultured U937 cells and primary human monocyte-derived macrophages (4, 30) , U937 cells were chosen for these studies. The Jurkat T-lymphocyte cell line and the U937 human monocytic cell line were grown in RPMI 1640 medium (Mediatech Cellgro, Herndon, VA) supplemented with 10% bovine growth serum (HyClone, Logan, UT) and 5% penicillin/streptomycin (Sigma, St. Louis, MO) in 5% CO 2 at 37°C. When noted, U937 cells were differentiated into an adherent macrophage-like cell with the addition of 100 pg/ml phorbol myristic acid followed by a 48-h to 72-h incubation in 5% CO 2 at 37°C. Flow cytometric analysis of differentiated U937 cells exhibited no population in G 2 , indicating that very few undifferentiated, proliferating U937 cells were present in these wells.
Cdt-expressing plasmids. CdtA-, CdtB-, and CdtC-expressing plasmids were constructed as follows. An NcoI restriction endonuclease site was introduced at the 5Ј ends and an XbaI site was introduced at the 3Ј ends of the cdtA, cdtB, and cdtC genes by PCR amplification of 652 chromosomal DNA using CdtA-NcoI-5 and CdtA-XbaI-3 for cdtA, CdtB-F and CdtB-R for cdtB, and CdtC-F and CdtC-R for cdtC (see Table 1 for sequences). DNA was amplified using the following parameters: initially 95°C for 5 min and then 95°C for 1 min, 55°C for 1 min, and 72°C for 3 min for 30 cycles, followed by 72°C for 10 min. The amplified products were ligated into pGEM-T Easy (Promega, Madison, WI) and transformed into competent E. coli BL21 cells. The resulting plasmids and pBAD/gIII A (Invitrogen) were digested with NcoI and XbaI (New England Biolabs, Ipswich, MA); fragments were purified by electrophoresis through a 1% agarose gel and ligated using T4 DNA ligase. After transformation into competent E. coli BL21, recombinants were checked for correct insertion by restriction endonuclease digestion with NcoI and XbaI. The appropriate plasmids were transferred into E. coli Top10 in preparation for protein expression. The resulting plasmids were named pBAD/gIIIA-cdtA, pBAD/gIIIA-cdtB, and pBAD/ gIII-cdtC.
Two constructs expressing variants of CdtB containing a glycine substitution for the catalytic residues histidine-160 and aspartate-199 (referred to as pBAD/ gIIIA-cdtB-H160G and pBAD/gIIIA-cdtB-D199G) were constructed using the QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA). Briefly, 50 ng of pBAD/gIIIA-cdtB DNA was combined with 1.5 l of forward primer (H160G-F or D199G-F) (10 M), 1.5 l of reverse primer (H160G-R or D199G-R) (see Table 1 for sequences) (10 M), 1 l of deoxynucleoside triphosphates (supplied by manufacturer), and 1 l of 2.5 U of PfuUltra polymerase/ml. Amplification was performed with the following parameters: 95°C for 3 min and then 16 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 8.5 min, followed by 72°C for 10 min. The amplified products were digested with DpnI to degrade the parental DNA and transformed into Top10 cells. Mutated cdtB genes were verified by nucleotide sequencing.
Cdt protein expression and purification. Cultures of Top10 containing each cdt construct were grown to early exponential phase in 100 ml LB medium supplemented with ampicillin, and expression of the Cdt subunit was induced by the addition of 0.2% arabinose. Growth was continued for an additional 3 to 4 h, after which the cells were sonicated three times on ice in 1ϫ Tris-EDTA buffer containing 0.2 mg/ml lysozyme and centrifuged at 10,000 ϫ g for 15 min to remove cellular debris. The pellet was then resuspended in 1ϫ Tris-EDTA buffer containing 0.2 mg/ml lysozyme, sonicated three more times on ice, and centrifuged at 10,000 ϫ g for 15 min. The pooled supernatants were collected in Tween 20-coated tubes. The individual Cdt subunits were purified from the resulting supernatants by affinity chromatography over a copper resin (HisTrap resin; Amersham Pharmacia Biotech). The column was first washed with 10 ml distilled H 2 O, followed by 24 ml of loading buffer (20 mM sodium phosphate, pH 7.5, 0.5 M NaCl, 100 mM imidazole). The protein extract was loaded, and the column was subsequently washed with 24 ml of loading buffer, 24 ml of loading buffer supplemented with 2.5 mg/ml polymyxin B, and then 24 ml of loading buffer. Bound Cdt subunits were eluted with two 8-ml aliquots of elution buffer (20 mM sodium phosphate, pH 7.5, 0.5 M NaCl, 500 mM imidazole). Eluted proteins were dialyzed overnight against 0.1ϫ phosphate-buffered saline (PBS) and lyophilized. Prior to use, each subunit was suspended in distilled H 2 O and the protein concentration was determined using the Bradford assay (Bio-Rad, Hercules, CA) (6) according to the manufacturer's instructions. Purity was assessed by Coomassie blue staining after polyacrylamide gel electrophoresis of each subunit on 4 to 15% NuPAGE gradient gels (Bio-Rad). To reconstitute Cdt holotoxin, equal amounts of CdtA, CdtB, and CdtC were added to a Tween 20-coated tube and incubated at 37°C for at least 30 min. For some experiments, samples were then boiled at 100°C for 20 min and pulsed briefly prior to use.
Cell cycle arrest. A total of 1 ϫ 10 6 U937 cells were suspended in fresh medium containing the desired amount of Cdt holotoxin and incubated for 48 h in low-adherence tissue culture wells. Cells were then washed with PBS, placed on ice, and suspended in the dark in 500 l PBS-0.1% Triton X-100 supplemented with 2.5 g propidium iodide and 500 g RNase. Cells were incubated for 10 to 60 min on ice and analyzed using a FACSCalibur flow cytometer (BD, San Jose, CA) using the FL2 (PE) channel. A line was fit to the data and the maximum G 2 activity was calculated. From this curve, the 50% inhibitory concentration (IC 50 ) was identified as the holotoxin concentration which resulted in 50% of the maximum.
Determination of necrosis. Cdt-mediated cell killing of 1 ϫ 10 6 differentiated U937 cells was quantified by measuring lactate dehydrogenase (LDH) release using the CytoTox 96 nonradioactive cytotoxicity method (Promega, Madison, WI). Briefly, cells were suspended in fresh medium containing the desired amount of Cdt holotoxin and incubated for 48 h. Following lysis and centrifugation at 180 ϫ g for 5 min, 50 l of the overlying medium was added to 50 l of substrate (provided by the manufacturer) and incubated at room temperature in the dark for 30 min. Fifty microliters of stop solution (provided by the manufacturer) was added to each well, and the A 490 was measured. Triton X-100 (0.1%) was added to control wells to achieve 100% lysis of U937 cells. Data are presented as percent LDH compared to Triton X-100-treated control wells.
Determination of apoptosis. A total of 1 ϫ 10 6 differentiated and undifferentiated U937 cells were suspended in 1 ml of fresh medium containing 10 to 1,000 ng Cdt holotoxin and incubated for 48 h in 5% CO 2 at 37°C in low-adherence tissue culture wells. Cells suspended in medium containing 1 M staurosporine (Ready-Set-Go; Sigma) for 18 to 24 h were used as a positive control. For some experiments, cells were pretreated with 30 to 120 nM of the phosphatase inhibitor dipotassium bisperoxo(picolinato)oxo-vanadate [bpV(pic)] for 2 h followed by incubation with Cdt holotoxin and inhibitor (EMD Calbiochem, San Diego, CA). For annexin V experiments, cells were washed twice in cold PBS and suspended in 500 l ice-cold 1ϫ binding buffer supplemented with 5 l of fluorescein isothiocyanate (FITC)-annexin V and 2.5 l of 7-amino-actinomycin D (7-AAD; BD Biosciences, San Jose, CA). After a 15-min incubation on ice, 20,000 cells were analyzed using a FACSCalibur flow cytometer using the FL1 (fluorescein isothiocyanate [FITC] ) and FL3 (PerCP) channels. Data were plotted as a percentage of annexin-V single-positive cells, which represent apoptotic cells that are not permeable to the 7-AAD dead cell marker.
For terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) experiments, cells were washed in PBS and fixed with 3% paraformaldehyde (Accustain formalin solution, 10%; Sigma) for 1 h while shaking gently. Cells were washed again in PBS and incubated with TUNEL reaction mixture in the dark for 1 h at 37°C as per the manufacturer's instructions (in situ cell death detection kit, fluorescein; Roche Applied Science). Cells were suspended in 500 l PBS, and 20,000 cells were analyzed by flow cytometry as described above using the FL1 (FITC) channel. Data were plotted as percent TUNEL-positive cells.
For DNA fragmentation enzyme-linked immunosorbent assay (ELISA) experiments, cells were lysed, centrifuged to remove cellular debris, and mixed with anti-histone-biotin and peroxidase-conjugated DNA antibody (anti-DNA-POD) in streptavidin-coated wells according to the manufacturer's directions (cell death detection ELISA PLUS ; Roche Applied Science, Indianapolis, IN). After shaking gently for 2 h, the wells were washed and 2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) substrate solution was added until color development was sufficient for photometric analysis at an optical density at 405 nm. Data were plotted as percent DNA-histone complexes compared to the negative control.
For caspase 3 experiments, cells were washed in blocking buffer (0.5% bovine serum albumin, 0.1% saponin in PBS), fixed in 3% paraformaldehyde for 10 min, and blocked for 1 h. Anti-active caspase 3 (1:1,000; Biovision, Mountain View, CA) was added to the wells in blocking buffer for 45 min, followed by an Alexa Fluor 488-conjugated anti-rabbit antibody (Molecular Probes/Invitrogen) for 45 min in the dark. Twenty thousand cells were analyzed by flow cytometry as explained above using the FL1 (FITC) channel. Data were plotted as percent anti-active caspase 3-positive cells.
For poly-caspase experiments, cells were resuspended for 1 h at 37°C at 5% CO 2 in PBS and 6-carboxyfluorescein (FAM)-fluorochrome inhibitor of caspase reagent (provided by the manufacturer; FAM-FLICA kit; Immunochemistry Technologies, Bloomington, MN), washed in the provided buffer, and read on the flow cytometer using the FL1 (FITC) filter.
For AIF experiments, cells were fixed with 3% paraformaldehyde for 30 min and autofluorescence was quenched with NH 4 Cl 2 for 10 min. Following permeabilization and blocking with 0.1% saponin-10% bovine growth serum in PBS (blocking buffer), the cells were incubated with anti-AIF (1:100; Abcam) followed by Alexa Fluor 647-conjugated anti-rabbit (1:200; Molecular Probes Invitrogen) in blocking buffer for 1 h each. Sytox green was incubated in 10 mM Tris, pH 7 (1:5,000), for 10 min and the cells were covered with Mowiol (generously donated by Rey Carabeo) and sealed onto a slide with nail polish. Slides were viewed using an Olympus FluoView confocal laser scanning microscope (Olympus, Pittsburgh, PA) under ϫ60 magnification.
Analysis of DNase activity. DNase activity of CdtB was determined using a modification of the protocol by Elwell and Dreyfus (9) . Briefly, 0.3 g CdtB was incubated for 30 min at 37°C with 0.5 g pUC19 DNA in 25 mM HEPES, pH 7.4, 4 mM MgCl 2 , and 4 mM CaCl 2 . The DNA was visualized by electrophoresis through a 1% (wt/vol) agarose gel stained with ethidium bromide.
Analysis of PIP 3 phosphatase activity. The phosphatidylinositol 3-kinase assay (Echelon, Salt Lake City, UT) was adapted to monitor Cdt-mediated degradation of PI(3,4,5,)P 3 by using the PIP 3 supplied as a positive control in the kit as a substrate for Cdt. Briefly, 3 g CdtB was incubated for 2 h at 37°C in a Tween 20-coated tube with Tris-buffered saline plus 0.5% Tween 20 and 50 pmol PIP 3 . For some experiments, cells were incubated with CdtB in the presence of 15 nM or 30 nM of the phosphatase inhibitor bpV(pic) (EMD Calbiochem, San Diego, CA). PIP 3 detection antibody was diluted 1:200 in blocking buffer (Tris-buffered saline plus 0.5% Tween 20) and added to each tube. Following a 1-h incubation at room temperature, the mixture was added to a PIP 3 -coated 96-well strip plate where free antibody was allowed to bind to the plate. The wells were then washed with blocking buffer and incubated with a horseradish peroxidase-conjugated secondary antibody for an additional hour before developing with ABTS substrate solution. The development of color was stopped with the addition of 0.5 M H 2 SO 4 , and samples were analyzed spectrophotometrically at an optical density at 405 nm. Data are represented as PIP 3 remaining in the tube after a 2-h incubation with toxin, as determined by using an experimentally derived standard curve of PIP 3 .
RESULTS
Cdt induces cell cycle arrest in proliferating U937 macrophages. Mise et al. (29) previously showed that A. actinomycetemcomitans Cdt induced cell cycle arrest in proliferating U937 cells. To compare the sensitivity of U937 cells to Cdt-hypersensitive Jurkat cells, cultures were incubated with Cdt holotoxin and cell cycle arrest was determined by flow cytometry. As shown in Fig. 1 , both cell lines exhibited a dose-dependent increase of cells arrested in G 2 . Jurkat cells showed a 20% increase in G 2 -arrested cells at 0.25 g Cdt and an increase of 35% at 0.5 g Cdt. U937 cells were essentially unaffected by 0.25 g Cdt and exhibited a 17% and 25% increase in G 2 -arrested cells at 0.5 g Cdt and 1.0 g Cdt, respectively. A line was fit to the data, and the maximum G 2 activity was calculated. From this curve, the IC 50 was identified as the holotoxin concentration which resulted in 50% of the maximum. The IC 50 is approximately 0.3 g/ml for Jurkat cells and 0.4 g/ml for U937 cells; thus, the specific activity of Cdt holotoxin against proliferating U937 cells is less than 1.5-fold lower than that against Jurkat T cells. Differentiated, nonproliferating U937 cells were used as a control. These cells exhibited no population in G 2 either in the absence or presence of Cdt (data not shown).
Cdt induces apoptosis in both proliferating and nonproliferating U937 cells. Cdt-dependent induction of G 2 arrest leads to apoptosis and extensive DNA fragmentation in Jurkat cells, but Mise et al. (29) did not examine apoptosis in U937 cells. As shown in Fig. 2 , treatment of proliferating U937 cells with 1 g/ml Cdt induced apoptosis, resulting in a 126% increase of DNA-histone complexes ( Fig. 2A) , a ninefold increase of TUNEL-positive cells (Fig. 2B) , an 11-fold increase in annexin V single-positive cells (Fig. 2C) , and a 22-fold increase in caspase 3 activation (Fig. 2D) erating U937 cells also resulted in a significant increase in DNA-histone complexes ( Fig. 2A) , DNA fragmentation (Fig.  2B) , and a modest but significant increase in annexin V-positive cells (Fig. 2C) when treated with 1 g/ml holotoxin. Annexin V-positive cells increased further upon exposure to 3 g holotoxin (Fig. 2C) , indicating that the response to Cdt was dose dependent. There are a higher number of TUNEL-positive cells than G 2 -arrested cells shown in Fig. 1 and 2B because Fig. 1 shows only those cells with a 4N amount of DNA. Since DNA in apoptotic cells is rapidly degraded, the number of apoptotic cells shown in Fig. 1 is underestimated. Treatment of nonproliferating U937 cells for 24 h with 1 g/ml of Cdt resulted in no significant increase in TUNEL-positive or annexin V-positive cells compared to untreated cells. These results suggest that Cdt is also active against and induces apoptosis in nonproliferating U937 cells. However, Cdt-induced apoptosis of nonproliferating U937 cells was independent of caspase 3 activation (Fig. 2D) , suggesting that the mechanism of action of Cdt may differ in proliferating and nonproliferating cells.
Since Cdt-induced apoptosis in nonproliferating U937 cells was unexpected, the mechanism of cell death in these cells was investigated further. To test for necrosis, differentiated U937 cells were treated with holotoxin and culture supernatants were tested for the release of LDH. Although 60% of toxintreated cells were TUNEL positive after 48 h (Fig. 2B) , LDH release was only 10 to 20% of the Triton X-100-treated control cells (Fig. 3A) , suggesting that apoptosis is the primary mechanism leading to cell death in nonproliferating cells. Next, the activation of poly-caspases was assessed by monitoring the binding of active caspases to a caspase inhibitor sequence linked to a fluorescent probe. As shown in Fig. 3B , 67% of staurosporine-treated cells were positive for caspase activation after 48 h compared to 30 to 35% of untreated cells. There was no significant increase in apoptotic cells with wild-type or mutant Cdt treatment compared to the untreated control. These results suggest that Cdt-mediated apoptosis of nonproliferating U937 cells occurs independently of caspase activation. Finally, the redistribution of AIF from the mitochondria into the nucleus was monitored to determine the involvement of AIF in apoptosis. Although colocalization of AIF with the nuclear stain Sytox green was observed in staurosporine-treated cells, there was no colocalization in untreated cells or cells treated with Cdt (Fig. 3C) .
Role of DNase and phosphatase activities of Cdt in induction of apoptosis. Although Cdt was originally identified as a DNase, Shenker et al. (36) recently showed that Cdt can also function as a PIP 3 phosphatase. As shown in Fig. 4 , the CdtB enzymatic subunit from A. actinomycetemcomitans possesses both DNase (compare lanes 1 and 2 in Fig. 4A ) and PIP 3 phosphatase (Fig. 4B ) activities, consistent with this report. Site-specific mutagenesis of two putative active site amino acids of CdtB, His160 to Gly (H160G) or Asp199 to Gly (D199G), each resulted in a partial loss of DNase activity (Fig.  4A) . However, consistent with previous reports (9, 31, 36) , the DNase activity of Cdt was approximately six orders of magnitude lower than that of DNase I (data not shown). Interestingly, H160G retained phosphatase activity, whereas D199G was significantly reduced (Fig. 4B) . A similar result was obtained with a dose response of wild-type and mutant forms of CdtB (data not shown). Thus, the two reported functions of Cdt were distinguished by the active site-specific mutations.
To determine how the phosphatase and DNase activities of CdtB contribute to the toxicity of Cdt holotoxin against Jurkat cells and proliferating and nonproliferating U937 cells, cultures were exposed to reconstituted holotoxin containing either wild-type CdtB or the H160G or D199G variant. As shown in Fig. 4C , treatment of proliferating Jurkat and U937 cells with wild-type holotoxin resulted in 94% and 60% TUNELpositive cells, respectively, whereas treatment with reconstituted holotoxin comprised of either site-specific mutant resulted in little increase in TUNEL-positive cells. The mutant and wild-type holotoxins induced equivalent levels of TUNELpositive cells when incubated with nonproliferating U937 cells, suggesting that the mutated forms of CdtB form holotoxin complexes as efficiently as wild-type CdtB. Since both CdtB variants retain some PIP 3 phosphatase activity, the induction of apoptosis in proliferating cells appears to be dependent primarily on the DNase activity of CdtB. In contrast, apoptosis of nonproliferating U937 cells after treatment with wild-type or mutant holotoxin comprising the CdtB-H160G or CdtB-D199G subunits was similar, suggesting that the mechanism of Cdt action differs in proliferating and nonproliferating U937 cells. 3 phosphatase activity contributes to apoptosis in nonproliferating U937 cells, bpV(pic), a specific PIP 3 phosphatase inhibitor (22) , was incubated with cells in the presence of wild-type holotoxin. As shown in Fig. 5A , bpV(pic) inhibited CdtB phosphatase activity in a dose-dependent manner, with complete FIG. 4. Role of DNase and PIP 3 phosphatase activities in the induction of U937 cell apoptosis. His160 and Asp199, two catalytic residues of A. actinomycetemcomitans CdtB, were altered to glycine by site-directed mutagenesis, and CdtB proteins containing each mutation were purified. These polypeptides were designated H160G and D199G. (A) The DNase activity of the purified CdtB proteins was determined by agarose gel electrophoresis after incubating 0.3 g CdtB, CdtB-H160G, and CdtB-D199G with 0.5 g supercoiled pUC19 plasmid DNA for 2 h. Lane 1 contains untreated pUC19 DNA. Nicked, linear, and supercoiled DNA and the percentage of supercoiled DNA compared to the negative control are noted on the image. (B) The PIP 3 phosphatase activity of 3 g CdtB, CdtB-H160G, and CdtB-D199G was determined using the phosphatidylinositol 3-kinase assay as described in Materials and Methods. The data are represented as PIP 3 remaining in the tube after a 2-h incubation with the toxin, as determined by using an experimentally derived standard curve of PIP 3 . (C) Apoptosis of undifferentiated proliferating U937 cells (black), differentiated nonproliferating U937 cells (gray), and Jurkat cells (white) was determined by TUNEL using 1 g/ml reconstituted Cdt holotoxin comprised of wild type (WT), CdtB-H160G, or CdtB-D199G polypeptides. TUNEL-positive cells were identified by flow cytometry, and staurosporine-treated cells (ST) were used as a positive control. For each experiment, at least 20,000 cells were analyzed, and the data shown represent an average of at least three separate experiments. The data were plotted as the percentage of TUNEL-positive cells. Asterisks indicate a P value of Ͻ0.05 and refer to a comparison with the corresponding untreated cells. inhibition of CdtB at a concentration of 30 nM. However, treatment of U937 cells with Cdt holotoxin in the presence of up to four times this inhibitory dose had no effect on the induction of TUNEL-positive cells (Fig. 5B) , suggesting that Cdt-induced apoptosis of nonproliferating U937 cells is independent of the PIP 3 phosphatase activity of CdtB. Inhibitors of DNase activity, e.g., divalent metal ion chelators, also inhibited the phosphatase activity of Cdt (data not shown), and thus it was not possible to directly assess the role of DNase activity in nonproliferating U937 cells.
Inhibition of CdtB phosphatase activity does not affect apoptosis of nonproliferating U937 cells. To determine if the PIP

DISCUSSION
A. actinomycetemcomitans strains expressing Cdt are strongly associated with LAP, but the role of Cdt in disease and the target(s) for cytotoxic activity in vivo have not been clearly defined. Shenker et al. (39) showed that the specific activity of Cdt was five-to 10-fold higher against human lymphocytes than against HeLa cells and suggested that lymphocytes may be a primary target for A. actinomycetemcomitans Cdt. However, although Jotwani et al. suggest that some lymphocyte proliferation may occur locally in the oral cavity (17, 18) , it is likely that the majority of lymphocytes infiltrating the gingival pocket are not actively proliferating. Furthermore, nonproliferating macrophages and DCs comprise the majority of the leukocytes and are some of the first immune cells present at the site of A. actinomycetemcomitans infection (15, 32) . Thus, it is not clear how Cdt-dependent targeting of proliferating lymphocytes may contribute to A. actinomycetemcomitans infection and persistence. Studies to investigate the effect of Cdt on both proliferating and nonproliferating immune cells may better reflect the environment faced by A. actinomycetemcomitans.
Our results show that A. actinomycetemcomitans Cdt efficiently kills both proliferating and nonproliferating U937 monocytic cells. These results suggest that monocytic cells may also be targeted by A. actinomycetemcomitans, consistent with studies demonstrating that H. ducreyi Cdt is capable of intoxicating monocytic cells (16, 26, 42, 46) . However, since these previous studies did not determine the specific activity of CdtB to monocytes, it was difficult to compare the toxin's activity against other known cell types. Here, we show that the specific activity of Cdt against proliferating and nonproliferating U937 cells was similar and was approximately 1.5-fold lower than the Cdt activity against the hypersensitive Jurkat T-cell line (36) . These data suggest that A. actinomycetemcomitans may target monocytic cells as a strategy to downregulate the host immune system, although we cannot exclude the possibility that cultured and primary macrophages may not respond identically to holotoxin. It is of interest that the A. actinomycetemcomitans Cdt sequence is most similar to that of H. ducreyi Cdt, since H. ducreyi Cdt has been reported to induce apoptosis in nonproliferating DCs and macrophages and prevents cytokine release and T-cell activation by DCs (46) . Additionally, a recent report demonstrated that A. actinomycetemcomitans Cdt may induce localized immunosuppression by inhibiting nitric oxide production in murine peritoneal macrophages (11) . Thus, A. actinomycetemcomitans Cdt may contribute to infection by inhibiting nonproliferating antigen-presenting cells and preventing or delaying activation of the adaptive immune response.
Cdt has previously been reported to exhibit DNase activity in vitro, and several lines of evidence suggest that this activity may contribute to the induction of apoptosis in target cells. Cdt intoxication results in the arrest of proliferating cells in the G 2 phase of the cell cycle (9, 14, 24) , and mutation of CdtB residues that are homologous to active site amino acids of DNase I inhibits cell cycle arrest (9, 24, 36) . In addition, H. ducreyi Cdt induces phosphorylation of the histone H2AX and relocation of the DNA repair complex Mre11 in HeLa cells (26) , and both of these processes were significantly delayed in ataxia telangiectasia mutated-deficient lymphoblastoid cell lines compared to wild-type cells (7). However, Shenker et al. (35) showed that overexpression of Bcl-2 or treatment with the caspase 3 inhibitor zVAD inhibited Cdt-induced apoptosis and DNA fragmentation in Jurkat cells but did not prevent cell cycle arrest. Subsequently, CdtB was shown to function as a PIP 3 phosphatase, and interestingly, many of the catalytic residues required for DNase activity are also required for PIP 3 phosphatase activity (36) . Our results show that A. actinomycetemcomitans CdtB possesses both DNase and PIP 3 phosphatase activities and that these activities can be distinguished by site-specific mutagenesis of the active site residues of CdtB. The CdtB variant H160G possessed reduced DNase activity but maintained PIP 3 phosphatase activity, whereas the D199G variant was reduced in both activities. These properties allowed us to investigate the role of the DNase and PIP 3 phosphatase activities in the intoxication of proliferating and nonproliferating cells. It should be noted that although our CdtB-D199G variant and the CdtB-D199S mutant reported by Shenker et al. (36) lost both activities, our CdtB-H160G variant retained phosphatase activity, unlike the corresponding CdtB-H160Q mutant reported by Shenker et al. This suggests that some flexibility exists in the amino acid requirement at position 160 with respect to the PIP 3 phosphatase activity of CdtB. Furthermore, it is of interest that the H160G variant may have increased activity over the wild-type form. There is no structural information regarding a conformational change, but we can speculate that the replacement of glycine for histidine at position 160 may increase substrate binding and/or catalytic activity. The CdtB-H160G and CdtB-D199G variants were ineffective in causing cell cycle arrest and apoptosis in proliferating cells, consistent with results reported for site-specific mutants of the E. coli Cdt (9) and C. jejuni Cdt (24) . Since CdtB-H160G retained its PIP 3 phosphatase activity, this result suggests that the phosphatase activity of CdtB may not be required to induce cell cycle arrest in proliferating U937 cells. However, we cannot exclude the possibility that induction of apoptosis in proliferating U937 cells requires both DNase and phosphatase activities of Cdt and that reduction of either activity is sufficient to prevent cell death.
In contrast to proliferating cells, Cdt-mediated apoptosis in nonproliferating U937 cells is unusual since it does not require caspase activation or mobilization of AIF. We are further investigating how apoptosis occurs in these cells by examining the contribution of other proteases such as cathepsins, calpains, serine proteases, or the proteasome complex. In addition, apoptosis in nonproliferating cells still occurred when cells were exposed to holotoxin comprising the CdtB-D199G variant or to holotoxin containing the wild-type CdtB in the presence of the specific PIP 3 phosphatase inhibitor bpV(pic).
This suggests that Cdt-mediated apoptosis in nonproliferating cells is independent of the PIP 3 phosphatase activity. The contribution of the DNase activity of CdtB in the induction of apoptosis of nonproliferating U937 cells could not be directly assessed since inhibitors of DNase also blocked phosphatase activity. However, both site-specific CdtB mutants were inactive against proliferating U937 cells but remained fully active against nonproliferating cells. Thus, nonproliferating cells are either more sensitive to Cdt DNase, since residual activity remained in both CdtB variants, or apoptosis in nonproliferating cells occurs independently of the DNase or PIP 3 phosphatase activity of Cdt.
In summary, the A. actinomycetemcomitans Cdt induces apoptosis in both proliferating and nonproliferating U937 monocytic cells at a similar specific activity. The induction of apoptosis in proliferating U937 cells was caspase dependent and required the DNase activity of CdtB. In contrast, apoptosis in nonproliferating cells was AIF and caspase independent and was not affected by CdtB active site mutations. These results suggest that Cdt intoxication of proliferating and nonproliferating U937 cells occurs by distinct mechanisms and that macrophages may be potential in vivo targets of A. actinomycetemcomitans Cdt.
